There are many causes for the breaking of ocean waves. These include the relative motion between the water and, say, a ship in the seaway or a cylindrical obstacle in a wavefield; wind blowing over the water; superposition of and nonlinear interactions between wave components; concentration of wave energy by refraction; and the shoaling of waves. These various causes result in two predominant types of breaking waves; the plunging breaker, in which the wave crest curls forward and plunges into the slope of the wave at some distance away from the crest; and spilling breakers, in which the broken region tends to develop more gently from an instability at the crest and often forms a quasi-steady whitecap on the forward face of the wave. Spilling and plunging breakers are most commonly found in deep water.
The present experiments were conducted to study the evolution of steep and breaking deep water waves. The waves were made to steepen by a convergent section which was installed in NRL's 30m long wave channel. These and other recent experiments have demonstrated that a criterion for the onset of breaking for deep water waves For more than a century hydrodynamicists have been exploring the nonlinear behavior of ocean surface waves, with one special goal being a rationale for and a description of the catastrophic nonlinearity commonly known as wave breaking. The breaking of ocean waves, either occuring naturally in ambient seas or forced as in shoaling waters and in interactions with man-made structures, is a common observation and an important element of many oceanographic, coastal and ocean engineering problems. Wave breaking is also an important consideration in surface ship hydrodynamics.
The wave resistance of a ship is influenced by the breaking of the ship's bow wave. In addition, the wake energy balance and the ensuing white water production must account for wave breaking.
Several significant advances toward an understanding of wave breaking have been made in recent years. These include the experimental characterization of instability mechanisms which can lead to wave breaking, mathematical models for these instability mechanisms, and numerical simulations of wave overturning and incipient breaking. Empirical and semi-empirical models have been proposed to describe the breaking of steady waves generated by the relative motion between the water and submerged bodies or to describe the later stages of spilling breakers, tidal bores, and hydraulic jumps.
Much is still unknown, however, including such simple information as a criterion for the onset of breaking.
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• Wave Breaking in Deep Water
Wave breaking in deep water has drawn increasing attention from numerous investigators with concerns ranging from the improvement of ship performance and safety, or the prediction of forces on marine structures, to a better understanding of the fundamentals of the nonlinear surface wave phenomena which lead to wave breaking. The causes of wave breaking are varied and often are reflected in the manner in which a wave breaks; from gentle spilling at the crest to sometimes spectacular curling and plunging of the forward face of the wave. In deep water, the most common breakers are spilling, and, in the presence of sufficient wind, white-capping. Studies of wave breaking generally focus first upon the conditions which correspond to the onset of breaking. This is often followed by the examination of particular wave characteristics of importance to the application at hand.
Recent studies of deep water breaking have largely dealt with the growth of subharmonic instabilities of steep, initially regular waves that lead to two and three-dimensional spilling breakers. A summary and discussion of this material is given by Griffin (1984) .
In these recent studies a uniform wave train of initial steepness s = a k evolves to o o o breaking.
Here a is the wave amplitude, k = 2 ir/L is the wavenumber based on wavelength L and the subscript is used to denote initial values. On comparison of the experiments performed by Kjeldson et al (1978 Kjeldson et al ( ,1979 Kjeldson et al ( ,1980 , Melville (1982) and ; and with the analyses of LonguetHiggins (1978b), Cokelet (1979) , McLean et al (1981) there is generally good agreement that the following processes take place. For 0.15 < s < 0.25 the evolution to breaking is essentially twodimensional with the instabilities corresponding to the most unstable modes predicted by Longuet-Higgins (1978b) versus the classical Ben,iamin-Feir analysis (1967). For 0.25 < s < 0.35 two dimensional disturbances quickly give way to three-dimensional crescent-shaped breakers which ultimately are transformed into a long-crested wave system with lower steepnesses and frequencies.
The profiles of the breaking waves photographed by Melville at ak < 0.3
show general agreement with the numerical solutions of Longuet-Higgins and
Cokelet and with those of Vinje and Brevlg (1981) , and can be used to interpret not only the wave motion before breaking but also the wave motion in the breaking region.
One of the dismaying features of these results is that the manner of breaking is not specified. In fact, the numerical simulations generally predict plunging breakers while the experiments produce spilling breakers with only occasional mildly plunging breakers.
To classify the breaking waves Kjeldsen et al introduced several non-dimensional wave steepness parameters. The most important was thought to be the so-called "crest front steepness", or
where a' is the vertical distance from the mean water level to the wave crest and X' is the horizontal distance from the zero upcross point on the wave to the wave crest. The crest front steepness was considered to be more representative of the asymmetric profile of an overturning wave, as compared to the more usual wave steepness, ak. Typical values of z for the breaking wave experiments of Kjeldsen et al were in the range 0.32 < e < 0.78.
The highest values of e corresponded to plunging breakers, while spilling breakers were of lower steepnesses.
In the present study we define a symmetry parameter, a, to be one-half of the wavelength divided by the horizontal distance from the crest to the preceding trough.
Another difficulty with the existing instability calculations is the somewhat ambiguous nature of the criterion for wave breaking. From Van Dorn and Pazan (1975) .
The wave steepnesses at breaking in Table 1 are higher than those observed by Melville (1982) , , and by Duncan (1983) .
The convergent walls of the channel together with the transient nature of the experiment may have led to breaking before the instability mechanisms naturally could produce a breaker as discussed in the previous section.
The breaking intensity, defined by Van Dorn and Pazan in terms of the potential energy loss rate, was correlated with the potential energy increase before breaking.
The energy dissipation due to breaking (normalized by the product of wave frequency and mean wave energy) was approximately a linear function of the growth rate of the waves. This led
Van Dorn and Pazan to suggest that history effects were likely to be important in any deterministic theory for wave breaking. In addition it was found that the energy losses after wave breaking were in equilibrium with the energy input due to the convergent channel. These findings are not in complete agreement with the present results.
More recently Kjeldsen and Myrhaug (1979,1981) conducted experiments in a wave channel which contained a convergent section with a slope of 1:23.
The purpose of the experiments was to study the impact pressures due to breaking waves acting on submerged plates. In all cases the waves were deep water spilling breakers. Shock pressures were observed to occur for both complication by generating a 'burst' of waves, and then taking data after the initial wave transients, but before the finite channel length could exert any influence. That approach raises questions of stationarity for the interim steady-state which is assumed to exist.
For our experiments it was
observed that a steady-state was often difficult to reach even for constant input parameters. This is discussed later in some detail.
For the convergent, finite length channel with steady generation of waves we assume that the energy flux is governed by
where U^ is the depth-averaged mean flow in the ith direction, C_--is the group velocity, E is the total wave energy, and S^. is the radiation stress. This equation stems from an energy balance for the fluctuating motions (Phillips, 1977) where the flow is steady in the mean and dissipation is neglected. We further assume that the flow in a slowly convergent channel is effectively one-dimensional and then apply Equation Here L^= 1.2gl2/2ir is the Stokes limiting wavelength (Michell, 1893) , which has the advantage of simplicity while approximating the actual wavelength near breaking. We will retain the use of L* and G in the presentation of our results, but the physical significance of G is reduced to a non-dimensional channel convergence.
It is useful in that sense because it describes the rate of convergence experienced by a wave in the distance of one wavelength L^.
The full conservation relation in Equation (1.3.3) can be integrated exactly to give Ew (U+C/2) = constant (1.3.6) for the conserved quantity in our wave channel.
THE WAVE CHANNEL FACILITY AND EXPERIMENTAL METHODS

2-1 The Wave Channel System
The facility used in the experiments is the wave channel described by Griffin and Plant (1982) . The channel is 3Gm long The experiments were conducted at seven wave periods and at a variety of wavemaker strokes as listed in the Appendix. The strokes were chosen at the outset of each series to obtain data for wave amplification without breaking. The wavemaker stroke was then gradually increased to yield breakers at various locations in the channel. In the other runs the crosswave maximum was beyond the measurement interval.
Not only do these effects occur together but also they influence one another. The location of the wave breaking in the channel was influenced by both the temporal variations and the spatial modulations due to the reflections. These in turn are influenced by changes in the wave breaking. In many cases a steady-state was never reached. Conditions could be chosen so that the waves would, over a period of 20 to 30 minutes, evolve from an incipient breaking condition to fully breaking and back again. We attempted to record the data in these instances during the periods when breaking waves existed in the channel. Exceptions to this behavior were noted for the subsequent processing of data.
The processing of the data included removal of the spatial variations due to reflections and due to crosswaves in order to obtain smoothed functions of H(x) for comparison with various predictions and theories.
These results for all runs are plotted in Figure waves is shown in Figure 3 . Similar photographs were taken several times during a test run, always in the same location along the convergent channel (x = 27 ft or 8.2m). The bead motion near the surface was generally lost in the multiple exposures of the instantaneous free surface. In the future the procedure could be improved by shading the camera from this region until just before the bead enters.
The sequence of bead locations together with several reference locations from the background grid (white lines) and the near wall (black crosses) were digitized using a graphics tablet interfaced to a small desktop computer. The perspective of the photographs was determined and the bead positions vjere calibrated as shown, for example, by the data in Figure 4 which corresponds to the photograph in Figure 3 . The bead was assumed to remain in the midplane of the channel after a number of preliminary tests indicated this to be a reasonable assumption. It would not be very difficult to add a stereoscopic view for wave flows that contain significant transverse motions. The digitization process also could be readily automated using digital video techniques.
The mean velocity in the channel was assumed to have two contributions: a wave transport U^ to the right which decayed exponentially with depth and a uniform return flow U which gave a net mass transport of zero at any location along the channel. These mean motions could be removed from the data to yield the wave-induced velocities, but this effort was discontinued in view of the lack of near surface data and preliminary comparisons with theory as shown by the solid line in Figure 4 . There the linear wave theory compares well with the data when it is corrected to include the mass transport, the buoyancy of the bead and the measured return flow in the channel. Differences which existed between the linear theory and higherorder theories at these depths were well within the accuracy of the data, since the velocities were found from differences between data points (position) and therefore the velocity results were prone to be more scattered. by Duncan (1981 Duncan ( , 1983 .
Visual Records of Wave
During the final experiments a video camera set to one side of the work area recorded the overall wave pattern in the channel at the time. This provided a permanent visual record of intermittent breaking events to augment the data acquisition sequence from the wave probes. In this way we could permanently catalog various locations and types of breaking in conjunction with the recorded wave heights which do not always readily distinguish between breaking and non-breaking waves or between the various types of breakers. This is a common problem with conventional wave probes and it stems from limitations in amplitude resolution and frequency response. The best solution to these difficulties may be to utilize optical methods to obtain all of the wave breaking data. Video devices which can accomplish this are becoming available.
EXPERIMENTAL RESULTS AND DISCUSSION
Steep, Non-breaking Wave Characteristics
The first and simplest comparison between the observed and predicted nonlinear wave characteristics is shown in Figure 6 where the ratio of the measured phase speed to the This observation is somewhat paradoxical because the asymmetry must develop from a crest "over taking" the trough ahead in some way, yet our measurements do not indicate a significantly higher crest speed in these instances.
The asymmetries observed in the experiments did tend to increase slightly along the channel for a particular run, but they remained at comparable values for different runs even though the steepnesses were different. It was not possible, therefore, to relate the profile asymmetry to the wave steepness in any systematic manner other than to note that the asymmetries of waves that eventually broke in the channel fell into two distinct ranges. The first range was 1.0 < a < 1.1 which led to spilling breakers, while the second range was 1.15 < a < 1.25 which led to curling or mildly plunging breakers. The two types of breaking are illustrated in Figure 12 .
At low growth rates the waves in the channel exhibited a temporal modulation at periods near four times the wave period. In runs that produced breakers at these growth rates, the breaking event became modulated such that almost every fourth wave broke. Sometimes there were as few as two or as many as four non-breaking waves between breakers. The location of breaking also varied somewhat along the channel. The mechanism at work here is assumed to be the subharmonic instability described in Section 1.1 and which is the subject of much recent study for the case of uniform steep The solid line in the figure represents U = U and indicates that P the total mass transport is satisfactorily predicted by the Stokes'secondorder theory (correct to third order).
The phase speed and the return drift current in the channel were used together with the conservation relation given by Equation (1.3.6) to compare the observed wave growth rates with both the simple and the full conservation requirements.
The total energy was assumed to be equipartitioned into kinetic and potential contributions with the potential energy given by
The errors contained in these assumptions are small and are considered within the accuracy of the measured variables. A detailed analysis of the question of energy partition was done by Van Dorn and Pazan (1975) .
Moreover, by primarily considering ratios of energy, the errors become less significant in any case.
If the energy is simply conserved, the total amplification ought to be the square root of the ratio of the channel widths at the two locations, which in our facility is /6 = 2.45. As mentioned earlier and is evident in Figure 2 , the actual growth is less than simple conservation suggests and is adequately described by Equation (1.3.6).
Criteria for Wave Breaking
The limiting values of steepness H/L^ at the observed onset of wave breaking are plotted in Figure 11 as a function * dw of the simple or nominal energy growth rate, G = -r-.
As shown in the w dx previous section, the actual wave growth rates were somewhat less due to several channel effects.
The quantity G is used here to facilitate compar- On the basis of the third method of calculation the onset criterion for wave breaking becomes independent of growth rate and all other test parameters.
The significance of this result is that a wave will begin to break when the local steepness reaches H/L^ =0.11 regardless of the growth process or processes that led to that local value of steepness. For example, the combination of spatial modulations and temporal modulations in a convergent channel produces waves whose steepnesses vary with both time and spatial location. The site of breaking therefore varies and follows the position where the local, instantaneous steepness first exceeds H/L* = 0.11.
The present criterion for breaking is comparable to the maximum values found from studies of wave instabilities (0.05 < H/L^ < 0.11). The instability criterion for initially uniform, steep wave trains only states that waves above the threshold will eventually lead to breakers. At the point of breaking the local steepness is larger and approaches H/L^ = 0.11 according to the observations of Melville (1982) and of . Similarly, the surface waves generated behind a submerged, moving hydrofoil break near H/L* = 0.11 according to Duncan's (1983) observations.
In a study of the breaking of deep water waves in a uniform laboratory channel, Ochi and Tsai (1983) found that irregular waves in the range gT^ = 200 to 800 cm were clustered around an average value of H/L* = 0.105. The waves in the present experiments were in the range gT^ = 550 to 1100. Thus the ranges of these and the present experiments overlap and yield comparable results for the wave breaking criterion expressed in terms of wave steepness.
Thus, it appears that an invariant deepwater breaking criterion exists for a local value of wave steepness H/L^ == 0.11, and it is largely independent of the means by which the wave reaches that value of steepness.
The simplicity of this result should be useful in the further development of models to predict the occurrence of wave breaking as discussed by Nath and Ramsey (1974) , Ochi and Tsai (1983) , or by Kjeldsen and Myrhaug (1978) .
It is important to note that the onset criterion applies equally well to two types of breakers, spilling and curling or lightly plunging.
3-3.
Breaking Wave Characteristics Two types of breaking waves were observed in the present experiments. These have been termed spilling breakers and curling or mildly plunging breakers. Representative profiles for each type are shown in the photographs of Figure 12 .
As noted earlier the limiting steepness at breaking was the same for the two types of breakers. However, the ranges of wave asymmetries observed in the channel differed markedly with the type of breaker as listed below.
1.0<a<l.l ->• spilling breakers 1.15 < a < 1.25 ->• curling breakers ;'
The curling or mildly-plunging breakers were only observed at the larger growth rates, which is to say only observed for the longer wavelengths where the rate of channel convergence seen by the wave in one wavelength was greatest.
Unlike the experiments of Van Dom and Pazan, gently spilling breakers were also observed in the present case at these large rates corresponding to the curling breaker observations. The only remaining factor to account for breaker type was the observed difference in prebreaking asymmetry. The cause of the difference in asymmetry and the corresponding difference in breaking type could not be established. We have speculated that, since most of the curling breakers occurred at or near the transition between the convergent section and the uniform section of the channel, local disturbances due to reflection and/or refraction enhanced the wave front steepness locally and triggered a different type of breaker.
Whatever the cause, the effects upon energy losses due to breaking as well as air-entrainment processes are more pronounced as one would expect. Moreover, the rates of energy loss shown in Figure 13 only became apparent after the channel convergence effect had been discounted.
By correcting for the effect of the channel convergence, a wave which commenced to break in the convergent section lost energy at the same rate that the wave would have experienced had it broken in the uniform section of the channel.
The wave-induced mass transport under conditions of breaking waves was obtained in the manner described earlier for steep waves and the results are also plotted in Figure 10 . The somewhat surprising result is that the net mass transport of the breaking waves, as evidenced by the uniform return flow in the channel, does not differ measurably from the non-breaking waves. It is possible that the vertical structure of the return flow differed and therefore higher velocity layers near the floor or the surface went undetected. However, these possible mean flow differences cannot account for the bulk of the energy lost during the breaking process and one is led to conclude that most or all of the potential energy lost in wave breaking goes directly into the production of turbulence and into the air entrainment processes. This is a substantial fraction of the energy in the wave and is indicative of the vigorous mixing which occurs during a an individual breaking event.
SUMMARY AND CONCLUSIONS
The principal conclusions of the present study can be summarized as follows
• The kinematics of steep, symmetrical deep water waves are adequately described by third-order Stokes expansions (wave profiles, phase speeds, velocities, drift).
• The energy budget within a finite-length, slowly convergent channel is governed by the conservation of the quantity w E (U+C/2)C, which is significantly different than a prediction by the simple conservation of potential energy.
• Subharmonic wave instabilities were observed only near one-fourth of the fundamental wave frequency and then only for the lowest wave growth rates.
• Asymmetry of steep waves was not found to be a function of local wave steepness or mean growth rate.
• The type of breaker (spilling or curling) is determined by the wave asymmetry prior to breaking.
• The onset of breaking is given by the local instantaneous value of wave steepness H/L^ " 0.11, independent of growth rate and asymmetry. This is comparable to numerous recent results under varied conditions and strongly suggests the existence of an invariant criterion for deep water wave breaking.
• The initial spilling wave energy loss rate appears to be uniform and about 30 percent of the potential energy per wavelength (cycle).
Curling breaker energy loss rates may be twice as large initially.
• Potential energy losses due to breaking do not appear as a significant increase in the mean drift, and therefore they must be largely dissipated in turbulence production or in air entraininent processes.
The above conclusions can all contribute to the further development and refinement of engineering and more basic physical models for the nonlinear events surrounding wave breaking in the ocean. We would be remiss if we did not also mention our conclusion that converging channel experiments, which may appear conceptually simple are, in fact, overly complex for the purposes of isolating and studying transitional events such as wave breaking.
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